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HOUSEHOLD AND STRUCTURAL INSECTS
Toxicity and Behavioral Effects of Nootkatone,
1,10-Dihydronootkatone, and Tetrahydronootkatone to the Formosan
Subterranean Termite (Isoptera: Rhinotermitidae)
SANAA A. IBRAHIM,1,2 GREGG HENDERSON,2,3 BETTY C. R. ZHU,2,4 HUIXIN FEI,2
AND ROGER A. LAINE2,4
J. Econ. Entomol. 97(1): 102Ð111 (2004)
ABSTRACT Toxicity and behavioral effects of nootkatone and two of its derivatives, 1,10-dihydro-
nootkatone and tetrahydronootkatone, toCoptotermes formosanus Shiraki were investigated onwork-
ers from two different colonies by using topical application assays, repellency assays, and sand barrier
assays. The acute toxicity of thenootkatones onworkers fromboth colonies increased as the saturation
of the molecule increased, but the difference was signiÞcant for only one colony. The results of the
repellency assays showed a similar trend of efÞciency; the threshold concentration for signiÞcant
repellency was four-fold higher in nootkatone treatments (50 ppm) than in the reduced derivatives
1,10-dihydronootkatone or tetrahydronootkatone (12.5 ppm). In sand barrier assays, a concentration
of 100 ppm of any of the three chemicals signiÞcantly reduced termite survival, tunnel building, and
food consumption after a 12-d exposure. Termites preexposed to100 ppmnootkatone-treated sand and
placed in containers without nootkatone for 15 d continued to exhibit abnormal feeding and digging
behaviors; survivorship, tunneling, and feeding activities were signiÞcantly reduced by 83.5, 63.2, and
95.4%, respectively. Termites pretreated for 12 d at concentrations of 50 and 75 ppm nootkatone and
tetrahydronootkatone returned to normal digging activity after they were removed from the treat-
ments, but their feeding activity was signiÞcantly reduced.
KEYWORDS Coptotermes formosanus, nootkatone, 1,10-dihydronootkatone, tetrahydronootkatone
THE FORMOSAN SUBTERRANEAN TERMITE,Coptotermes for-
mosanus Shiraki, is considered one of the most de-
structive insect pests in the United States (Su and
Tamashiro 1987). It can destroy buildings after 2 yr of
infestation and cause serious harm to shade trees
(Spink 1967, Tamashiro et al. 1987, Henderson 2001).
In Louisiana, the Formosan subterranean termite was
Þrst identiÞed in Lake Charles and New Orleans in
1966 (Spink 1967). It has spread across the south,
infesting up to 30% of the trees in certain locations of
southern Louisiana (Henderson 2001). Of the esti-
mated $138 billion in damage that all invasive species
cause in the United States every year, Formosan sub-
terranean termites contribute $1.5 billion (http://
mirir.tulane.edu/ispecies/Irq1.html). The cost to con-
trol and repair the damage by Formosan subterranean
termites in Louisiana alone was estimated at $500
million to $1 billion; control and repair costs are es-
timated at $300million annually inNewOrleans alone
(Suszkiw 1998).
Over the past 50 yr, synthetic insecticides from
several chemical groups have been used to control the
Formosan subterranean termite. Many were reported
to cause serious problems. For example, cyclodienes
were effectively used to control termites; however
they are no longer used because of their risk to the
environment and human health (Sim et al. 1998).
Likewise, in addition to human health concerns, some
organophosphate insecticides have been reported to
cause air pollution (Katsura et al. 1996) and contam-
ination of small ponds (Carr et al. 1997, Kumar and
Chapman 2001). Most recently, one of the newest
registered termiticides, Þpronil, has been reported to
induce thyroid cancer (http://www.ßuoridealert.
org/pesticides/Fipronil.article.Pest.News.htm). Vari-
ation in Formosan subterranean termite susceptibility
to termiticides is being reported in several states (Su
et al. 1997, Osbrink et al. 2001).
Searching for safe botanical insecticides is an ap-
proach currently under investigation for insect man-
agement (EPA 1996, Kumar and Chapman 2001, Ku-
mari et al. 2002). Essential oils, widely used as
fragrances and ßavors in the perfume and food indus-
tries, have long been reputed to repel insects and have
been evaluated for their use in controlling termites
(Supriana 1983, Grace and Yates 1992, Wilkins 1992,
Cornelius et al. 1997). Vetiver oil, an extract of the
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roots of Vetiveria zizanioides Linn Nash, used in the
perfume industry, is repellent to insects (Irvine 1930
stated in Jain et al. 1982) andhas potent topical irritant
activity on cockroaches andßies (Jain et al. 1982). The
activity of vetiver oil seems to be largely restricted to
the sesquiterpeneketones it contains (Jainet al. 1982).
Vetiver oil is a repellent and toxicant to the Formosan
subterranean termite (Maistrello et al. 2001a, Zhu et
al. 2001a).
Nootkatone, an eudalenoid sesquiterpene ketone,
was originally isolated from the heartwood of Alaskan
yellow cedar, Chamaecyparis nootkatensis (D. Don)
(Erdtman and Hirose 1962). It is also a major constit-
uent of grapefruit oil (Macleod andBuigues 1964) and
an isomer of an insect-active sesquiterpene ketone
from vetiver oil, -vetivone, (Jain et al. 1982). Like
vetiver oil, nootkatone is also used in the perfume and
ßavor industries (Shaw and Wilson 1981). The Þrst
evaluationof nootkatoneonC. formosanus as a termite
repellent barrier was by Zhu et al. (2001b), and its
repellency action was conÞrmed by Maistrello et al.
(2001a,b, 2002). The objectives of this study were to
quantify nootkatone toxicity on C. formosanus and to
compare the toxicity and behavioral effects of noot-
katone with two of its reduced derivatives.
Materials and Methods
Insects.Worker and soldierC. formosanuswere col-
lected from different locations in Louisiana by using a
milk crate-trapping technique similar to that de-
scribed by French (1994) with some modiÞcations.
Forty-four pinewood sticks (3.5 by 3.5 by 32 cm)were
placed in a plastic milk crate (33 by 33 by 26 cm) in
a grid formation. The crates were buried completely
under ground near suspected termite-infested sites
and left for 1 mo before inspection. Formosan subter-
ranean termite-infested crates were brought back to
the laboratory, held in 250-liter cans with the original
source of food, and kept at room temperature (26Ð
28C) and 70Ð80%RH.Each canwas surroundedwith
a metal water trough to prevent termite escape and
invasion by foraging ants. Termites were collected
from New Orleans in December 1999 (colony L);
Lake Charles on 28 June 2001 (colony C); New Or-
leans on 14 March 2002 (colony WB); Segnette State
Park, New Orleans on 24 April 2002 (colony B); and
an island on Calcasieu River, Lake Charles, on 15
January 2003 (colony CR). When termites were
needed, they were gently knocked from the wood
sticks into clean plastic trays (40 by 50 cm) and sep-
arated from debris by allowing them to cling to sheets
of moistened paper towels.
Chemicals. Technical grade nootkatone, crystalline
97.0% (AI) [4,4a, 5,6,7,8-hexahydro-6-isopropenyl-
4,4a-dimethyl-2(1H)-naphthalenone] was purchased
from Lancaster Synthesis Inc. (Windham, NH). 1,10-
Dihydronootkatone 85% (AI) [1,4,4a,5,6,7,8,10-
octahydro-6-isopropenyl-4,4a-dimethyl-2(1H)-
naphthalenone] and tetrahydronootkatone 85% (AI)
[1,4,4a,5,6,7,8,10,11,12-octahydro-6-isopropyl-4,4a-
dimethyl-2 (1H)-naphthalenone]were obtained from
Subcon Products, Inc. (Totowa, NJ). The chemical
structures of the three chemicals are shown in Fig. 1.
Purification of 1,10-Dihydronootkatone and Tetra-
hydronootkatone. One gram of each chemical was
dissolved in 5 ml of 95% ethyl alcohol mixed with 5 g
of silica gel and air-dried for 15min. A glass column (2
by 30 cm) was used for puriÞcation. The silica gel
containing the chemical sample was applied to the
bottom of the column and then completely Þlled with
silica gel. Chloroform was used to develop the sample
(ascending run).The silica gelwas forcedout fromthe
column after the chloroform reached the top. Every
2.5 cm, a sectionof silicagelwascollected inaßaskand
extracted with 40 ml of ethyl alcohol. The fractions
were tested on thin layer chromatography and the
puriÞed chemicals (97% purity) were analyzed us-
ing gas chromatography-mass spectroscopy.
Topical Application Bioassays. Acute toxicity and
delayed effects of nootkatone and its derivatives were
determined on workers from colony C and colony L.
Acute Toxicity. Seven doses ranging from 6.25 to
200 g/insect were used to establish the probit anal-
ysis results of each chemical. For each tested colony,
Þve replicates of 50workerswere used. Termiteswere
placed inpetri dishes (60by15mm)andchilledon top
of an ice brick (30.32 by 17.78 by 3.81 cm) (IceBerg,
Mid-Lands Chemical Company Inc., Miami, FL) to
slow their movement (Sun et al. 2003). Each dose was
topically applied in 0.2 l of ethanol to the dorsum of
the mesothorax by using a Hamilton PB 600 repeating
dispenser equipped with a 10-l syringe (Hamilton,
Fig. 1. Chemical structures of nootkatone, 1,10-dihydro-
nootkatone, and tetrahydronootkatone.
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Reno, NV). Control workers were treated with 0.2 l
of ethanol only. After treatment, termiteswere held in
plastic containers (55 by 37mm), suppliedwithWhat-
man no. 2 Þlter paper (55mm in diameter)moistened
with 250 l of double distilled water (DDH2O). Five
untreated soldiers were added to each replicate to
maintain the normal proportion of soldiers in the ter-
mite population (Haverty 1977). Treated termites
were incubated for 3 d at 27.4Cand70%RH, anddaily
mortalityofworkerswas assessed.Dose-mortalitydata
were analyzedbyprobit analysis as adapted for PCuse
(POLO PC), which automatically corrected for con-
trol mortality using AbbottÕs transformation (LeOra
Software 1987).
Delayed Effects. Workers that were topically
treated for evaluation of the 72-h LD25 values of each
chemical were incubated 14 d to study the delayed
effects on termite survivorship and feeding activity.
Workers from colonies C and Lwere topically treated
using the same technique as described above; how-
ever, the plastic containers used to hold the termites
were provided with 10 g of moistened sand (Blasting
Þne sand no. 4, Cement Products Inc., Baton Rouge,
LA) in addition to the weighed Þlter paper. Sand was
autoclaved for 30 min, oven-dried, and then mixed
with 1 ml of DDH2O before loading in the container.
On day 14, the number of living workers was counted,
and Þlter paper from each replicate was cleaned and
driedat 60Cfor24handreweighed todetermine food
consumption. To evaluate the effect of treatments on
termite survival and food consumption, an analysis of
variance (ANOVA) (SAS GLM Procedure) was con-
ducted followed by TukeyÕs Studentized range (hon-
estly signiÞcant difference) test (SAS Institute 1989).
All data were judged at   0.05.
Repellency Assays. This study was conducted as
described by Smith (1979) with some modiÞcation.
Agar was prepared by heating and stirring 1.0 g in 100
ml ofDDH2Oand then 1ml ofwarm agar solutionwas
spread evenly on the bottom of a plastic petri dish (60
by 15 mm). For each chemical and colony, concen-
trations in 0.2 ml of ethyl alcohol aliquots were mixed
with 1 g of autoclaved sand. Five replicates of each
treatment and ethanol-treated sand alone (control)
were prepared. Treated sand was kept for 2 h in the
fume hood at room temperature for ethanol evapora-
tion before adding it to one side of the agar layer. The
other sidewas coveredwith 1 g of untreated sand. Ten
workers were placed along the borderline between
the treated and untreated sand. The Þve replicates of
each treatment were covered with the lids and alu-
minum foil was placed over top to reduce the light.
Counts of termites in the treated side were recorded
every 15min in the Þrst hour, and every 30min during
the next 3 h, after which counts were recorded twice
at 1-h intervals with a Þnal count at 24 h. For each
colony, the mean percentages of termite workers in
the treated side were subjected to ANOVA as de-
scribed previously.
Sand Barrier Assays. Two experiments were con-
ducted to study theperformanceof nootkatone and its
derivatives on termite survival, feeding, and tunneling
activities by using termite from two colonies (WB and
CR).
Experiment 1. Three-chambered transparent plas-
tic containers (18.0 by 8.0 by 4.0 cm each box, 5.6 by
8.0 by 4.0 cm each chamber Pioneer Packaging Co.,
North Dixon, KY) were used. Small holes (0.5 cm in
diameter)weremade at the bottomof each of the two
inner walls connecting the three chambers to give
termites the opportunity to cross the sand barrier and
reach the food source. Concentrations of nootkatone
and tetrahydronootkatone were prepared by dissolv-
ing 18.75, 28.13, and 37.50 mg (AI) in 50 ml absolute
ethanol. Then, 10 ml of each solution was mixed with
75 g of autoclaved sand in plastic containers (115 by
37 mm). For nootkatone and tetrahydronootkatone,
the Þnal concentrations in the sand were 50, 75, and
100 ppm (wt:wt). Because of the small amount of
1,10-dihydronootkatone we had available, only 100
ppm (wt:wt) was tested. Five replicates were assayed
for each concentration. Sand in the control treatments
was treated with ethanol only. The containers having
untreated and treated sand were kept overnight un-
covered in a fume hood at room temperature. After
beingdried, 7.5ml ofDDH2Owasmixedwith the sand
and added into the middle chamber. The moistened
sand was packed and leveled (2 cm in thickness) to
allow clear visualization of tunnels. Two Þlter papers
(Whatmanno. 2)wereweighedandplaced inone side
of the two lateral chambers and then wetted with 500
l of DDH2O. A group of 150 workers and 15 soldiers
(colonyWB) was released in the opposite side cham-
ber. Termites were required to cross a sand barrier in
themiddlechambervia tunnelingorbywalkingon the
surface of the treated sand to reach the feeding cham-
ber. Containers were covered and incubated in dark-
ness at 27.4C and 70% RH. On days 1, 3, and 6, the
number of workers was recorded in the releasing and
feeding chambers. Twelve days after treatment the
bottoms of the containers were scanned (ScanJet 4C,
Hewlett Packard, PaloAlto,CA) toÞx the imageof the
tunnels andwereprintedactual size tomeasure tunnel
lengths (using a string and ruler). Also at that time,
living workers were counted and Þlter papers were
cleaned, dried, and weighed as described previously.
To evaluate the effects of treatments on termite
survival, tunnel building, and food consumption, data
were subjected to ANOVA as described previously.
Also, paired t-tests were performed to compare the
percentage of termites in releasing and feeding cham-
ber of each treatment (SAS Institute 1989).
Experiment 2. This experiment was conducted to
conÞrm the results obtained in experiment 1 with
colony WB. Termites from colony CR were used and
the three chemicals were applied to sand at 100 ppm.
A starvation treatment was included exactly the same
as the control treatment except that no food was pro-
vided. This treatment was added to answer the ques-
tion of whether mortality was a direct function of
starvation. Mortality was recorded every 3 d for 12 d.
Tunnel lengths and food consumptionweremeasured
on day 12 as described previously. Among treatments,
percentages of mortality, tunnel lengths, and Þlter
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paper consumption were subjected to ANOVA as de-
scribed previously.
Latent Effects. This experiment was conducted to
study the effects of the three chemicals after termites
were removed from the treatments for 15 d. Termites
from colony WB previously exposed for 12 d to dif-
ferent concentrations of nootkatone (50, 75, and 100
ppm) and tetrahydronootkatone (50 and 75 ppm) in
sand barriers (experiment 1) were removed from the
treatments and the latent effects of chemical treat-
ments on termite survival, tunneling, and feeding ac-
tivities were recorded after 15 d. After experiment 1
was endedonday 12, living termites fromall replicates
of each treatment were collected and used for this
experiment. The previously described techniques and
conditions were used except that themiddle chamber
contained only untreated sand. One hundred workers
were released in one of the two lateral side chamber
and two Þlter papers were placed in the opposite side
chamber. The number of replicates varied fromÞve in
the control treatment to two in the 75 ppm tetrahy-
dronootkatone treatment (based on the number of
termites collected from experiment 1). After 15 d, the
numberof livingworkerswas counted.Tunnel lengths
and Þlter paper consumption were measured as de-
scribed previously. Among treatments, mean percent-
ages of survival, tunnel lengths, and Þlter paper con-
sumption were subjected to ANOVA as described
previously.
Results
Topical Application Bioassays. Acute Toxicity. Tet-
rahydronootkatone was signiÞcantly more toxic on
workers fromcolonyC thannootkatone (basedon the
nonoverlap of the 95% conÞdence limits (CL) of the
24 h LD50 values; Table 1). Toxicity of 1,10-dihydro-
nootkatone on workers from both colonies was not
signiÞcantly different from that of nootkatone or tet-
rahydronootkatone. Probit analysis results established
from the 72-h mortality data indicated that chi-square
values were not signiÞcant (except for tetrahydro-
nootkatonewith colonyC; Table 1), indicating a good
Þt of mortality data on the probit lines. The toxicity of
the three chemicals on workers from the two colonies
wasnot signiÞcantlydifferent (basedon theoverlapof
the 95%CL of the 72-h LD50 values and the 72-h LD90
values). The intercolony variation in the toxicity re-
sponse to the three chemicals also was not signiÞcant.
All dead workers that had been treated at 50 micro-
grams per insect had black spots beneath the cuticle,
in the proximity to the epidermal cells in the head and
leg areas.
Delayed Effects. Survivorship of workers was sig-
niÞcantly reduced in the chemical treatments com-
pared with the control (Fig. 2). Survivorship of ter-
mites in nootkatone treatments was signiÞcantly
higher than that for tetrahydronootkatone(coloniesC
and L) or 1,10-dihydronootkatone (colony C only).
The average food consumption was signiÞcantly re-
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tetrahydronootkatone, but not for nootkatone (Fig.
2).
Repellency Assays. Nootkatone at levels of 12.5 and
25.0 ppm (micrograms per gram of sand) was not an
effective repellent (Table 2). However, the percent-
age of termites (from both colonies) found in sand
treated with 1,10-dihydronootkatone and tetrahydro-
nootkatone at 12.5 ppmwas signiÞcantly less than in
the controls. Nootkatone repelled termites at 50 ppm
but was less repellent than its derivatives at this level
(colonies C and B). At 100 ppm, there were no sig-
niÞcant differences among the three chemicals (Table
2).
Sand Barrier Assays. Experiment 1. The mean per-
centage of termites in the releasing chambers was
signiÞcantly higher for all chemical treatments com-
pared with the control, indicating that termites were
repelled from crossing the barrier (Table 3). On day
1, the greatest number (86%) of individuals was
found in the releasing chambers in 100 ppm tetrahy-
dronootkatone and 100 ppm of 1,10-dihydronootka-
tone treatments compared with 13% in the control
(Table 3). The mean percentage of termites that
crossed the chemical barriers into the feeding cham-
bers was signiÞcantly less (18%) compared with
control (66%). On day 3, a higher percentage ofwork-
ers stayed in the releasing chambers of the treatments
(36Ð87%) compared with 3% in the controls. The
mean percentage of termites in the feeding chambers
of controls was 59% compared with 0Ð28% in the
feeding chambers of chemical treatments (Table 3).
Termites found in themiddle chamberof thechemical
treatments behaved abnormally by remaining in clus-
ters on the surface of treated sand. Those that made it
to the feeding chamber did so not by tunneling in the
treated sand, but by traveling along the surface of
sand. This behavior was not observed in the controls;
on day 6, 99% of the termites in the control treatment
were actively tunneling or feeding compared with
12Ð55% for the chemical treatments (Table 3).
Fewer and shorter tunnels were constructed in 75
and 100 ppm tetrahydronootkatone, and 100 ppm
nootkatone-treated sand (Fig. 3). Tunnels con-
structed in 100 ppm 1,10-dihydronootkatone-treated
Fig. 2. Means (SE) ofC. formosanus survival (percentage) and food consumption (milligrams) 14 d afterC. formosanus
workerswere topically treatedwith the 72-hLD25 of nootkatone and twoof its derivatives. For each group, among treatments,
means followed by the same letter are not signiÞcantly different (P  0.05). F and P values are 20.95, 0.0001; 9.21, 0.0009;
21.57, 0.0001; and 13.09, 0.0001, respectively, for survival, colony C; food consumption, colony C; survival, colony L; and
food consumption colony L. The df values are 3, 16 for all.
Table 2. Mean percentages (SE) of C. formosanus workers counted in ethanol- and chemically treated sand
Colony Treatment 12.5 ppm 25 ppm 50 ppm 100 ppm
Control 35.3  10.6b 34.8  10.5a 34.8  10.5a 39.6  7.6a
Nootkatone 54.3  12.6a 28.4  6.7ab 20.2  10.1b 20.0  7.2b
C 1,10-Dihydronootkatone 22.5  9.9c 5.3  3.6c 7.3  4.4c 11.8  6.9b
Tetrahydronootkatone 19.3  8.3c 8.2  5.3c 4.7  3.6c 19.3  7.3b
F; df 27.55; 3, 221; 31.15; 3, 171; 34.53; 3, 171; 29.28; 3, 216;
P 0.0001 0.0001 0.0001 0.0001
Control 55.1  9.7a 55.1  9.7a 51.7  11.0a 51.7  11.0a
B Nootkatone 44.3  8.1ab 50.3  8.9ab 33.4  9.7b 16.0  6.8b
1,10-Dihydronootkatone 36.9  8.9bc 34.6  13.0c 13.4  8.5c 9.4  7.8b
Tetrahydronootkatone 32.3  10.4c 40.6  14.3bc 16.0  9.4c 9.4  5.4b
F; df 8.05; 3, 136; 4.42; 3, 136; 23.50; 3, 136; 44.81; 3, 136;
P 0.0001 0.0053 0.0001 0.0001
General averages of 13 readings during the Þrst 24 h after treatment. The preliminary statistical analysis revealed no signiÞcant differences
between the readings at different observation periods; therefore, they were considered as replications.
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sand were signiÞcantly longer than those at 100 ppm
tetrahydronootkatone, but were not signiÞcantly dif-
ferent from those made in 100 ppm nootkatone treat-
ment.
At levels of 50 ppm nootkatone and 50 ppm tetra-
hydronootkatone, the average food consumption was
not signiÞcantly different from the control (Fig. 3).
The 100 ppm nootkatone, 100 ppm 1,10-dihydronoot-
katone, and 75Ð100 ppm tetrahydronootkatone treat-
ments showed the greatest efÞciency in reducing food
consumption.
With the exception of 50 ppm nootkatone, a signif-
icant reduction in termite survival was observed on
day 12 (Fig. 3). Treatments of 100 ppm nootkatone,
100 ppm 1,10-dihydronootkatone, and 100 ppm tetra-
hydronootkatone signiÞcantly reduced survivorship
to 42, 22, and 1%, respectively, compared with 73% in
the controls.
Experiment 2. Nootkatone and its derivatives ex-
hibited the samepattern of efÞciencywhen theywere
assayed on workers from colony CR. Nootkatone was
less effective as a repellent and a toxicant than its
derivatives (Table 4).Onday6, tetrahydronootkatone
had the greatest mortality (98%), followed by 1,10-
dihydronootkatone (78%) and nootkatone (50%)
compared with a signiÞcantly lower mortality in the
controls (12%). On day 12, cumulative mortality was
not signiÞcantly different among nootkatones. Tun-
neling and feeding were signiÞcantly reduced in the
three treatments (0.0Ð12.3 cm and 0.0Ð25.7 mg) com-
pared with the control (34.1 cm and 126.6 mg). Tet-
rahydronootkatone completely inhibited tunneling
and feeding activities.
Latent Effects. After 15 d, survivorship of termites
pretreated with 100 ppm nootkatone was signiÞcantly
less than the controls (Fig. 4). Survivorship of termites
pretreated with nootkatone and tetrahydronootka-
tone at 50 and 75 ppm was not signiÞcantly different
from the control. Termites pretreated with 100 ppm
nootkatone were not able to dig in the untreated sand
as far (18 cm) as termites in the control (49 cm; Fig.
4). Food consumption by termites pretreated with
either of the two chemicals was signiÞcantly reduced
(Fig. 4).
Discussion
Nootkatone, 1,10-dihydronootkatone, and tetrahy-
dronootkatonewere effective repellents and toxicants
on the Formosan subterranean termite. Incorporated
into sand barriers, they markedly reduced tunneling
and feeding behavior and caused an effect termed
“lingering behavior,” a sharply reduced activity proÞle
in which termites collect together in clusters on the
surface of treated sand (previously observedbyMaist-
rello et al. 2001a).
The repellent effect of nootkatone and its deriva-
tivesmaybe a functionof the olfactory and/or contact
receptors located on the termite antennae. Olfactory
neuroreceptor systems in insect antennae offer high
sensitivity to speciÞcmolecular structures, resulting in
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cently, Ishida et al. (2002) isolated and identiÞed a
speciÞc protein and two other cDNAs from the an-
tennae of the dampwood termite, Zootermopsis neva-
densis nevadensis (Hagen). GABA neuroreceptors
(Eichenseeret al., 1998,González-Colomaet al., 2002)
or taste receptors in the termite antennae (Kaib and
Mikus 1999) may also be involved in avoidance be-
havior. Inhibition of sensory receptors of the mouth-
parts, resulting in disorientation of normal probing,
feeding, and intake of food by insects can occur as a
result of repellents (http://www.bicco.com/
bioneem.html).
Toxicity associatedwith repellent chemicals may in
part be caused by starvation due to disruption of feed-
ing behavior (Beck 1965). In our study, we controlled
the time to 12 d to avoid such a starvationÐmortality
relationship. It has been shown that termites can live
at least 10 d without food (Su and La Fage 1986), and
we also conÞrmed in this study that starved termites
lived at least 12 d without appreciable mortality when
suitable moisture was provided.
In the topical application bioassays, nootkatone and
its derivatives were toxic to Formosan subterranean
termites when applied at relatively high doses com-
paredwith the recently registered termiticide Þpronil
(Ibrahim et al. 2003). However, compared with other
natural products, they effectively repelled and killed
C. formosanus at much lower concentrations (100
ppm) (Grace and Yates 1992, Cornelius et al. 1997).
There is no available literature pertaining to the
mode of toxic action of nootkatone and its derivatives.
Naturally occurring components in essential oils and
vegetable oils may physically kill termites by covering
the spiracles or by causing insect dehydration (Fenig-
stein et al. 2001), but interference with the nervous
system is alsopossible (Ismanet al. 1997).After topical
applications of nootkatone or its reduced derivatives
to the termites, shaking activity followed by lethargy
was observed. It is possible that the nootkatones par-
tially act as enzyme inhibitors or stimulators. Nootka-
tone inhibits CYP2A6 and CYP2C19 in human liver
microsomes (Tassaneeyakul et al. 2000) and acetyl-
Fig. 3. Means (SE) of C. formosanus survival (percentage), tunnel length (centimeters), and food consumption
(milligrams) in response to sand barriers treated with nootkatone and two of its derivatives. Colony WB was used and the
data were recorded 12 d after treatment. For each group, among treatments, means followed by the same letter are not
signiÞcantly different (P  0.05). The F values are 39.71, 30.48, and 12.70 for survival, tunnel length, and food consumption,
respectively. P and df values are 0.0001 and 7, 32 for all.
Table 4. Percentages of mortality, tunnel lengths, and food consumption when C. formosanus termites were exposed to 100
ppm-treated sand barriers with nootkatone and two reduced derivatives
Treatment





Day 3 Day 6 Day 9 Day 12 Day 12 Day 12
Control 5.7  2.4 9.9  3.2c 11.9  3.9c 20.5  3.3b 34.1  5.2a 126.6  14.1a
Starvation 14.9  6.7 17.1  7.5c 18.0  7.8c 21.9  6.0b 40.5  2.1a
Nootkatone 17.9  7.1 49.9  19.5bc 67.2  16.3b 79.9  11.2a 12.3  4.4b 25.7  7.2b
1,10-Dihydronootkatone 20.4  6.3 78.1  16.3ab 93.6  5.1a 96.1  3.9a 3.7  3.7b 4.1  4.1b
Tetrahydronootkatone 24.8  6.6 98.4  0.7a 100.0  0.0a 100.0  0.0a 0.0  0.0b 0.0  0.0b
F 1.38 10.21 23.31 41.64 25.74 52.93
df 4, 20 4, 20 4, 20 4, 20 4, 20 6, 16
P 0.2757 0.0001 0.0001 0.0001 0.0001 0.0001
Data are from Colony CR.
a All data expressed as means  SE. Means in the same column sharing a letter are not signiÞcantly different (P  0.05).
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cholinesterase from bovine erythrocytes (Miyazawa
et al. 2001). An in vitro kinetic assay to measure ace-
tylcholinesterase activity (from Formosan subterra-
nean workers and soldiers; S.A.I. et al., unpublished
data) revealed that nootkatone and tetrahydronoot-
katone at concentrations equivalent to the 24-h LD50
and LD90 signiÞcantly increased acetylcholinesterase
activity. Such an effect could lead to a Myasthenia
Gravis-like syndrome that occurs in humans (F. En-
right, personal communication). This may explain the
lethargic and lingeringbehavior ofworkers exposed to
treated sand (Maistrello et al. 2001a, and data herein).
Nootkatone and its derivatives may also affect muscle
contraction and reduce the termiteÕs ability to dig in
treated sand. In addition, we observed that some of
dead termites had black spots that occurred beneath
the cuticle, in the proximity to the epidermal cells, in
the head and leg areas. These spots are not fully char-
acterized but could be caused by necrosis, pigment
concentration, or a combination of the two. It seems
that the dark pigment is being concentrated under the
mandibles on the vertical section of the termite
head, and pigmentation does not seem to be evenly
distributed throughout the leg area. This may be a
result of the chemicals entering the cuticle espe-
cially through the pore canals, dermal glands,
and/or other cuticular structures, spreading and
effectively preventing pigment produced by the
epidermal cells to precipitate. The dark spots also
could result from necrosis.
The variation in toxicity and repellency among
nootkatone and its derivatives is probably related to
the reductive substitutions that alter the three-dimen-
sional structure, water solubility, alkalinity, vapor
pressure, and volatility. The toxicity seems to be a
function of the fused hydrocarbon rings and the ke-
tone group. Saturating the double ring system by re-
ducing the double bond (1,10-en) in the nootkatone
molecule resulted in a10% increase in the toxicity of
1,10-dihydronootkatone compared with nootkatone.
Moreover, reducing the isopropenyl in 1,10-dihydro-
nootkatone to isopropyl (in tetrahydronootkatone)
resulted in an additional increase in toxicity (20%).
It is interesting that certain plants such as grapefruit
andAlaskan yellow cedar have developed potent anti-
insect compounds such as the nootkatones, which
must affect local ecological relationships, species, and
numbers of insect pests around theseplants. The chry-
santhemum pyrethrins are also based on ring com-
pounds with ketone groups, and it would be interest-
ing to seewhether their biological effects are based on
similar receptor systems. Why more plants do not
contain these potent compounds and why a large
group of plants that are insect resistant have not de-
veloped from these examples is an interesting evolu-
tionary question.
Previous publications with nootkatone (Zhu et al.
2001b,Maistrello et al. 2001a,b) and our current study
with nootkatone and its reduced derivatives further
conÞrm their efÞciency against Formosan subterra-
nean termites. Under laboratory conditions, nootka-
tone as awood treatmentmaintained its initial activity
for 1 yr (Maistrello et al. 2002). Field evaluation of
nootkatone and tetrahydronootkatone as wood treat-
ments gave promising results (Nix et al. 2003). The
relative safety of nootkatone for humans (Shaw and
Wilson 1981) coupled with the above-mentioned re-
sults show promise of using these chemicals in termite
control programs.
Fig. 4. Means (SE) of C. formosanus survival (percentage), tunnel length (centimeters), and food consumption
(milligrams) 15 d after pretreatedC. formosanus termites were removed from the treatments. Termites were exposed in sand
barrier assays to chemicals for 12 d and then living termites were transferred in equal numbers to untreated sand for 15 d
to follow up the latent effects on termite survivorship, tunneling, and feeding activities. For each group, among treatments,
means followed by the same letter are not signiÞcantly different (P  0.05). F and P values are 17.85, 0.0001; 5.29, 0.0054;
and 8.78, 0.0006, respectively, for survival, tunnel length, and food consumption. The df values are 5, 15 for all.
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